Understanding DNA function requires knowledge of the structure of local, sequence-dependent conformations that can be dramatically different from the B-form helix. One alternative DNA conformation is the cruciform, which has been shown to have a critical role in the initiation of DNA replication and the regulation of transcription in certain systems. In addition, cruciforms provide a model system for structural studies of Holliday junctions, intermediates in homologous DNA recombination. Cruciforms are not thermodynamically stable in linear DNA due to branch point migration, which makes their study using many biophysical techniques problematic. Atomic Force Microscopy (AFM) was applied to visualize cruciforms in negatively supercoiled plasmid DNA. Cruciforms are seen as clear-cut extrusions on the DNA ®lament with the lengths of the arms consistent with the size of the hairpins expected from a 106 bp inverted repeat. The cruciform exists in two different conformations, an extended one with the angle of ca. 180 between the hairpin arms and a compact, X-type conformation, with acute angles between the hairpin arms and the main DNA strands. The ratio of molecules with the different conformations of cruciforms depends on ionic conditions. In the presence of high salt or Mg cations, a compact, X-type conformation is highly preferable. Remarkably, the X-conformation was highly mobile allowing the cruciform arms to adopt a parallel orientation. The structure observed is consistent with a model of the Holliday junction with a parallel orientation of the exchanging strands.
Introduction
Local sequence-dependent DNA conformations can be dramatically different from the canonical B-form helix. One class of alternative DNA conformations is cruciforms, which can form in DNA sequences with a 2-fold symmetry (inverted repeats or palindromes; Gierer, 1966) . Cruciform formation requires negative DNA supercoiling and suf®cient supercoiling exists in cells that cruciforms can exist in vivo (reviewed by Sinden, 1994) . Inverted repeats are present in many functionally important genome regions. Speci®cally, inverted repeats are associated with origins of replication in plasmids and in many prokaryotic and eukaryotic viruses (Kornberg & Baker, 1992 ). An involvement of cruciform in the regulation of gene expression has been suggested based on the requirement of inverted repeat symmetry for transcription of some genes (Glucksmann et al., 1992) . Another motivation in the study of cruciforms is their putative equivalence to Holliday junctions (Lilley & Kemper, 1984) . The latter type of DNA structure is an intermediate in a homologous DNA recombination (Sigal & Alberts, 1972; Kowalczykowski, 1994) , and the cruciform structure might be the most appropriate system for modeling Holliday junctions.
Inverted repeats under physiological conditions can adopt cruciform structures which are stabilized by unrestrained negative DNA supercoiling (reviewed by Sinden, 1994) . The formation of open regions at the loops and possible base unstacking at the junction make the existence of cruciforms in linear DNA thermodynamically less favorable (reviewed by Vologodskii, 1992) , and they are never observed in stable form in linear DNA molecules. The details of the secondary structure of cruciforms have been elucidated utilizing enzymatic and chemical techniques. Several bases at the loops are easily accessible to chemical probes and to single strand-speci®c enzymes, indicative of unpaired and unstacked bases (Sinden, 1994; Palecek, 1992) . The bases at the junction are much less reactive, but they can be attacked by chemical probes at elevated temperatures or under conditions of low salt (McClellan & Lilley, 1987; Voloshin et al., 1989) . Several studies using different physical chemical techniques have analyzed the structure of stable, immobile four-way DNA junctions (Cooper & Hagerman, 1987; Lilley & Clegg, 1993; Seeman & Kallenbach, 1994; Lilley, 1997) . However, there has been little attempt to analyze the spatial geometry of cruciforms. In large part, this is due to the instability of cruciforms in small linear DNA molecules. Cruciforms are not thermodynamically stable in linear DNA due to branch point migration. Moreover, stable cruciforms in relatively large negatively supercoiled DNA molecules are not amenable to studies by traditional structural biology methods, such as high resolution NMR and crystallography. Electron microscopy has been used to visualize cruciform structures, but this system involved totally palindromic supercoiled circular DNA, in which the size of cruciforms varied considerably ( Mizuuchi et al., 1982) .
Since the early 1990s another visualization technique, Atomic Force Microscopy (AFM; Binnig et al., 1986) , has become available for imaging DNA and nucleoprotein complexes (Bustamante et al., 1994; Hansma & Hoh, 1994; Lyubchenko et al., 1995) . We have developed a sample preparation method permitting the deposition and imaging of the sample in a broad range of environmental conditions (Lyubchenko et al., 1992 (Lyubchenko et al., , 1993a (Lyubchenko et al., ,b, 1995 . This method has been recently applied to structural studies of supercoiled DNA (Lyubchenko & Shlyakhtenko, 1997) to demonstrate directly that the overall structure of supercoiled DNA dramatically depends on ionic conditions. Here we report a visualization of cruciforms in supercoiled DNA. The AFM data demonstrate directly and unambiguously two different cruciform conformations, a compact X-type and an extended one. The capability of AFM to operate in aqueous solutions allowed us to detect a surprisingly high conformational¯exibility of cruciforms. In particular, an X-type conformation was very mobile, allowing the hairpin arms to move between the orthogonal and almost parallel orientations. The geometry of cruciforms with parallel hairpin arms is structurally equivalent to Holliday junctions with a parallel orientation of exchanging strands.
Results

AFM imaging of cruciforms in supercoiled DNA
We used plasmid pUC8F14C DNA containing a 106-bp F14C inverted repeat with an expected cruciform arm length of 53 bp (Sinden, 1994; Kochel & Sinden, 1988) . We prepared DNA samples with different superhelical densities including those suf®cient for the cruciform transition in all of the topoisomers ( Kochel & Sinden, 1988) . The key in the AFM sample preparation procedure is the use of the functionalized substrate (AP-mica) which permits one to obtain high resolution AFM images of DNA by a one step deposition from a very wide range of ionic conditions (Lyubchenko et al., 1992 (Lyubchenko et al., , 1993a Lyubchenko & Shlyakhtenko, 1997) . This procedure is highly reproducible and allows one to perform imaging in air or in aqueous solutions (Lyubchenko et al., 1992 (Lyubchenko et al., , 1993b Lyubchenko & Shlyakhtenko, 1997) .
The AFM images of the sample prepared by deposition from a low salt solution (TE buffer) are shown in Figure 1 . A fraction of DNA topoisomers with two to six supercoils remaining after the transition ((Lk À Lk 0 ) À12 to À18) was used in the experiments shown in Figure 1A . The main feature of these images is the presence of rather long extrusions indicated by arrows. These extrusions are generally of two types; those with either extended or acute geometry of cruciform arms. In the extended geometry, both arms lie almost in one line, so that the angle between them is ca. 180 (molecules 2 and 4). Extrusions of this type were found in 25(AE5)% of molecules. Molecules in which the cruciform arms form a rather acute angle (X-type geometry, molecules 1, 3, 5, 6) with the DNA strand being sharply bent were the most common, ca. 75(AE5)%. Zoomed images of the molecules with linear extrusions and those with the X-type geometry are shown as insets (i) and (ii), respectively. The size of the arms measured for extended extrusions is 15 to 20 nm, in full agreement with the expected length of the cruciform hairpins containing 53 bp (18 nm for B-helix DNA geometry).
At lower superhelical density ((Lk À Lk 0 ) À7 to À13), molecules that appeared to be relaxed circles with extrusions in extended and X-type conformations were observed; two examples are shown in Figure 1B and C, respectively. According to two-dimensional gel electrophoresis data, the transition of the 106-bp inverted repeat into the cruciform structure takes place in a very narrow range of (Lk À Lk 0 ) (from À9 to À10), so the cruciform-containing plasmids of this sample should be topologically relaxed molecules. Crucforms will persist in these molecules, since cruciforms are stable in DNA with very low superhelical density (Sinden et al., 1983) . The AFM observations of relaxed DNA molecules containing cruciforms agree with electrophoretic data, which support the hypothesis that the extrusions visualized with Figure 1 . AFM images of pUC8F14C plasmid DNA obtained by imaging in air. The cruciforms are indicated with arrows and numbered. A, For these studies a sample, which contained a set of topoisomers with the linking number difference Lk from À12 to À18, was used. The insets (i) and (ii) are the zoomed images of extended and X-type conformations of the cruciforms, respectively. B and C, These images were obtained for the sample with lower supercoiling density ((Lk À Lk 0 ) from À7 to À13).
AFM are, in fact, the cruciform arms of the 106 bp palindrome.
Effect of ionic conditions on conformation of the cruciform
To study the effect of ionic strength on the cruciform conformation, DNA was deposited from high salt solutions (TE buffer plus 200 mM NaCl). The data for the sample with (Lk À Lk 0 ) À12 to À18 are shown in Figure 2A , where unambiguously identi®ed cruciforms are indicated with arrows. A small scale image with three DNA molecules is shown in the inset. Under these high ionic conditions the cruciform conformation was predominantly the X-type. Only a few DNA molecules contained cruciforms in the extended conformation (e.g. molecule 2). The data for a highly supercoiled DNA sample ((Lk À Lk 0 ) À18 to À24) also indicate that the conformation of the cruciform is mainly X-type ( Figure 2B ). Similar results were obtained for the sample prepared in TE buffer plus 10 mM MgCl 2 . Thus, cations stabilize the X-type cruciform structure rather than an extended one. These results are generally consistent with the effect of cations on geometry of immobile four-way junctions (reviewed by Cooper & Hagerman, 1987; Lilley & Clegg, 1993; Seeman & Kallenbach, 1994; Lilley, 1997) : the junctions change from an extended conformation into the X-type geometry upon increasing concentrations of Mg or Na ions.
To compare the geometric characteristics of the X-type cruciform at different ionic conditions, we measured the angles between the hairpins and between the main DNA strands for the images obtained under low salt conditions (TE buffer), high salt conditions (200 mM NaCl), and in the presence of Mg cations. The data in Table 1 show that there was only a very weak effect of ionic conditions on the X-type geometry of the cruciform: the mean values for the angles are rather insensitive to a high ionic strength or the presence of Mg cations. A slightly higher value for the angle between the main strand DNA arms under low salt conditions may be due to a more extended conformation of supercoiled DNA in low salt solutions as found in our earlier work (Lyubchenko & Shlyakhtenko, 1997) . In addition, there is a very high variability of the inter-arm angles (see, for example, molecules 2 and 3 in Figure 2B ). These angles in different molecules vary in such a broad range that the molecules with almost parallel orientation of the hairpin arms are present in a high proportion. These data suggest that the arms of the cruciform move in a rather broad range, so the high variability of the angles between the hairpin arms may represent snapshots of a highly mobile structure. To observe the dynamics of cruciforms directly, we performed AFM imaging in solution omitting the step of sample drying (AFM in situ; Lyubchenko & Shlyakhtenko, 1997) . In this case, DNA molecules are loosely attached to the surface of a weakly cationic AP-mica, that allows DNA fragments between anchoring points to retain a quasi-solution mobility (Lyubchenko & Shlyakhtenko, 1997) .
The direct observation of dynamics of the cruciform
The DNA sample was prepared in TE buffer, because at these ionic conditions we observed both the extended and X-type geometry cruciform conformation. DNA solution was injected into the imaging cell and the images of the molecules bound to the surface were taken (Figure 3 ). The images A and B are six scans from a series of scans over the same area with three DNA molecules containing cruciforms of different geometries. Molecule 1 ( Figure 3A ) contains the cruciform in an extended conformation which remained unchanged in the next image ( Figure 3B ). The cruciform conformation of molecule 2 is of the X-type with the ca. 70
angle between the arms ( Figure 3A ). Upon rescanning, however, the arms dramatically changed their orientation becoming almost parallel to each other as shown in Figure 3B . The data obtained for six consecutive scans are shown in Figure 3C . Each of the three zoomed regions of the initial images shows the dynamics of one speci®c cruciform in individual columns. The images in the ®rst column show that the extended conformation of cruciform 1 did not change during the entire observation period. On the contrary, the X-type conformation of the cruciform 2 was very mobile. The hairpin arms of cruciform 2 were initially quite far away from each other (with an angle of ca. 100), but then they moved (frames c and d) and ®nally adopted a parallel orientation (frame f). The behavior of cruciform 3 was quite different. Initially, the angle between the hairpins was ca. 60 , then the arms became parallel (frames c and d) and moved apart again at the end of the experiment (frames e and f). Thus, the X-type structure of cruciforms is very mobile, which explains a large variability of the angle values shown in Table 1 . A relatively low mobility of the main DNA strands in experiments in liquid can be explained by their stronger binding to the surface compared with the short hairpin arms. Unlike the X-type conformation, the extended cruciform geometry is less dynamic. We measured the angles between the hairpins and the main DNA strands. The statistics for the opposite (vertical) acute angles, 76(AE11) and 79(AE10) , indicate that the hairpin arms of extended cruciforms have a very low mobility. This conclusion is consistent with the AFM in situ data ( Figure 3C ) showing that cruciform 1 did not change its shape during the entire observation period.
Discussion
The geometry of the cruciforms on the surface and in solution
The results we obtained demonstrate clearly that a local alternative DNA structure, such as the cruciform, can be visualized with AFM. The cruciform arms can lie on opposite sides of the main strand which is almost straight in the vicinity of Figure 3(A and B) (legend on page 66)
Structure of Cruciforms
Figure 3. AFM images of non-dried samples of pUC8F14C plasmid DNA taken by scanning in TE buffer. A and B are two consecutive scans over $500 mmÂ500 mm area. The molecules with three different conformations of the cruciform are indicated with arrows and numbered. The time difference between images A and B is ten minutes. C, The cruciforms in motion: consecutive scans of the fragments of molecules 1, 2 and 3 zoomed around only one cruciform; the time is indicated on the right. the cruciform (e.g. Figure 1B ). We called this geometry of the cruciform extended conformation. However, more often we observed another orientation of the hairpin arms with rather acute angles between them (e.g. Figure 1C ). The main DNA strands for this conformation of the cruciform are severely bent. This is a compact X-conformation. This geometry, which is stabilized by cations, is very dynamic allowing the hairpin arms to adopt almost parallel orientation. Extended conformation is less mobile and the hairpin arms prefer an orthogonal orientation. The supercoil-stabilized cruciform may adopt these two different conformations in solution as well. However, there may be an alternative interpretation of the data, that a continuum of conformations of the cruciform exists in solution and the two types of structures observed with the AFM are a consequence of deposition of a complex 3D-structure of the cruciform onto a plane. The geometry of immobilized cruciform may depend on virtual orientation of the molecule relative to the surface before the deposition, so the two structures observed would correspond to two different projections of the cruciform on the plane. There may also be a selection process that would lead to preferential binding to the surface of the cruciform in particular orientations of the arms. A close look at characteristics of the surface may help differentiate between these two alternatives.
Throughout this work we used AP-mica as a substrate for AFM studies. The AP-mica has speci®c surface characteristics that should be considered in understanding the behavior of DNA molecules and the cruciforms in particular at the surface-liquid interface and their interaction with the surface. As discussed in our previous publications (Lyubchenko et al., 1992 (Lyubchenko et al., , 1993b (Lyubchenko et al., , 1995 Lyubchenko & Shlyakhtenko, 1997) , AP-mica is a positively charged surface with uniform and comparatively low surface charge density. There are three main consequences of these characteristics of AP-mica. First, the immobilization of DNA on APmica is due to electrostatic interactions between protonated amino groups of the substrate and the negatively charged DNA backbone. Second, due to uniform distribution of the charge on AP-mica there is no preferred orientation of DNA strands while they approach and bind to the surface. Third, owing to low surface charge density of AP-mica the geometry of immobilized supercoiled DNA molecules is close to two-dimensional projections of unperturbed DNA molecules onto a plane (Lyubchenko & Shlyakhtenko, 1997) . These features of AP-mica were crucial for unambiguous demonstration of the effect of ionic strength on the geometry of supercoiled DNA. Moreover, we also found that the shape of supercoiled DNA obtained at low and high ionic conditions are strikingly similar to computer simulated results obtained for supercoiled DNA molecules of similar lengths (Vologodskii & Cozzarelli, 1994 . These features of AP-mica are important prerequisites for application of this technique to AFM studies on the structure of supercoil-stabilized cruciforms. Now we consider the adsorption onto AP-mica of the cruciform with a random orientation of the arms. Due to electrostatic character of DNA-surface interaction both arms (of the same length) should bind to the surface with the same ef®ciency. In addition, owing to the uniform distribution of aminopropyl groups on AP-mica, there should be no selectivity on binding of the arms with speci®c relative orientation. So all types of the cruciform conformations should be present on the surface. However, because of¯atness of the AP-mica surface the conformations of the cruciform that are nearly planar should have higher binding af®nities than non-¯at ones. This selectivity effect depends on the strength of the arm-surface interaction which is a function of ionic strength. At low ionic strength, electrostatic interaction may be suf®cient to hold the cruciform with X-type orientation of the arms despite its unfavorable geometry (at least one of the arms looks away from the surface). An increase of ionic strength will weaken the interaction between the arms, such that, at speci®c salt concentration, the forces between the arms and the surface may be insuf®cient to hold the cruciform with unfavorable X-type conformations. At such ionic conditions only conformations with a high number of contacts between the surface and the cruciform remain stable. From that point of view extended¯at conformations of the cruciform rather than non-¯at X-type conformations should have high af®nity to the substrate. In other words, the increase of the salt concentration should lead to the increase of the ratio of extended conformations of the cruciform. So there are two main consequences of the alternative model. First, the cruciforms with random orientations of the arms should be observed with AFM. Second, the ratio of extended conformations should increase as ionic strength increases. We will show below that our AFM observations do not support these expectations.
First, not all orientations of the hairpin arms have been observed. For example, X-conformations with antiparallel orientation of the arms relative to the main DNA strands (see Figure 4) are very rare events (see p. 64). A more striking example is the geometry of the cruciform in extended conformations. In the majority of cases the hairpin arms tend to be perpendicular to the main strand (Figure 1) . Second, the dependence of the ratio of extended conformations as a function of ionic strength is opposite to that expected from the alternative model: the number of cruciforms in extended conformations drops considerably at elevated salt conditions.
At the same time, both sets of evidence favor our interpretation, namely that these two types of conformations of the cruciform, the compact X-type structure and an extended conformation, exist in solution. It is important that this interpretation as well as the stabilization of X-type conformation of the cruciform in high salt solutions is in Structure of Cruciforms accord with the data obtained for a rather similar system, immobile four-way junctions (Cooper & Hagerman, 1987; Eis & Millar, 1993; Lilley & Clegg, 1993; Seeman & Kallenbach, 1994; Lilley, 1997; Miick et al., 1997) . Moreover, the AFM data indicate that the X-conformation has a strong bend in the main DNA strand, and this AFM observation is in remarkable coincidence with early gel retardation data (Gough & Lilley, 1985; Zheng & Sinden, 1988) .
It is important to mention, however, the structures observed with the AFM are projections on the plane of a non-¯at three-dimensional cruciform which may be distorted during the deposition onto the surface. In addition, it is formally possible that projections of different 3D-structures may be very similar and indistinguishable from the AFM, therefore other conformations of cruciforms in addition to the extended and the X-conformation may exist in solution. It is also likely that the X-conformation is indeed a family of conformers with rather close energies, so transition between these structures can occur in solution at ambient conditions. Experimental evidence for the existence of a set different conformations of immobile four-way junctions was obtained recently by Miick et al. (1997) .
The dynamics of supercoilstabilized cruciforms
An interesting feature of the cruciforms emerges from their localization in the supercoil. As seen in Figure 2 , the X-type cruciforms tend to be localized at the loops of the plectonemic superhelix. As shown earlier, intrinsically bent DNA regions prefer an apical localization in supercoiled DNA (Laundon & Grif®th, 1988) . Our data suggest that cruciforms, like bent DNA sequences, are elements that can dictate a spatial geometry to a DNA superhelix. The compact X-type structure stabilized by cations was observed for immobile four-way junctions (Cooper & Hagerman, 1987; Lilley & Clegg, 1993; Seeman & Kallenbach, 1994 ; Lilley, Seeman & Kallenbach (1994) . 1997) and seems electrostatically reasonable at sites where DNA molecules make a U-turn.
We also found that cruciforms are dynamic structures. According to the data obtained for dried samples, the mean value for the angle between the arms of the X-type cruciform is $70 and the standard deviation for this parameter is ca. 50%. High mobility of the cruciform is also similar to that of immobile four-way junctions studied by different methods in solution (Cooper & Hagerman, 1987; Eis & Millar, 1993; Lilley, 1997; Miick et al., 1997) . However, the AFM allowed us to obtain both, the numbers for the mean value of the angle between the arms and the variability of this parameter. The angles between the hairpin arms are very close to that for between the main strands which is demonstrated by statistical analysis (Table 1) and is seen in Figures 1 and 2: the pairwise values of the hairpin arm ± main DNA strand angles in one molecule are very similar. In most cases these inter-arm angles for one molecule are almost identical, indicating that the arms move in a coordinated manner. It is reasonable to suggest that there is an interaction (stacking) between the cruciform helices at the base of the four-way junction. This assumption is in accord with data on chemical probing of cruciforms which indicates that the bases at the junction are much less reactive than those at the hairpin loops (Voloshin et al., 1989) . At the same time, our experiments in liquid (Figure 3) show that the interaction between the arms is not strong enough to prevent the movement of the hairpin arms if long main arms are ®xed at the surface. In this regard, comparatively low mobility of extended conformations of the cruciform seems quite surprising. We have found that the hairpin arms prefer an orthogonal orientation, so acute angles between the hairpin arms and the main strands are $80 and variability of this parameter is ca. 15%. These data obtained for dried samples are consistent with our observations performed in solution (Figure 3) . Fully extended conformation of the cruciform with $90 between the adjacent arms is a highly symmetric structure, which can be thermodynamically quite stable. Note in this regard that favorable conditions for observation of extended conformations of the cruciform is low ionic strength. So electrostatic repulsion of the nucleotides at the joint and the arms themselves may be two important factors that stabilize the fully extended con®guration and thus limit its mobility. We also cannot exclude that fully extended con®guration of the cruciform because of its¯atness has high af®nity to the surface, so this selectivity may lead to an elevated proportion of this speci®c conformation of the cruciform on the surface in comparison with their population in solution.
An alternative explanation for the high variability of the inter-arm angles for X-type conformation must be also considered. That is, in solution the cruciform adopts a set of interchangable conformations of the X-type family differing in the interarm angles. Each conformer has a mobility comparable with that of the extended conformation, but two-dimensional projection of the entire family would give a broad distribution of the angles that could be interpreted as a high mobility of one X-conformation. However, in the experiments in liquid spontaneous movement of the hairpin arms was observed over a very broad range (Figure 3) , thus the barrier between these conformations must be so low that it can be overcome by a thermal motion of the arms. Therefore, from this point of view, the X-type conformers are indistinguishable and uni®cation of them under one X-type conformation is a rather natural ®rst approximation.
The conformation of cruciforms and its relation to DNA recombination and regulation of DNA replication and transcription
As mentioned above, the supercoil-induced cruciform can be considered a putative model of the Holliday junction. First, the symmetry of the sequence of the cruciform by de®nition permits the branch migration. Second, genomic DNA is organized in topological domains with unrestrained supercoiling (Sinden, 1994) and topoisomerases are involved at the steps of homologous pairing and DNA strand transfer (Kowalczykowski, 1994) , suggesting that DNA supercoiling is an important factor for the DNA recombination.
Currently existing models for recombination of DNA are shown schematically in Figure 4 . In addition to extended conformation of the cruciform (A) two different orientations of the arms ((B) and (D)) that correspond respectively to parallel (B) and antiparallel (D) orientations of exchanging arms are possible (Sigal & Alberts, 1972; Seeman & Kallenbach, 1994; Sobell, 1974) . The model (B) with a parallel orientation of exchanging strands suggested by Sigal & Alberts (1972) easily explains the strand exchange by a branch migration mechanism. According to Table 1 (column 1), the interarm angles 1 and 2 are rather acute (see Figure 4 (C)). The molecules with obtuse angles 1 and 2, as shown in Figure 4 (E), were very rare events in the AFM images, and molecules with closer distances between the hairpins and the DNA strands were not observed. So the AFM data are consistent with the model (B) of geometry of cruciforms which is equivalent to the Holliday junction with a parallel orientation of exchanging strands. It is surprising that a seemingly similar type of structure, an immobile four-way junction, can adopt the geometry (D) which corresponds to antiparallel strand orientation (Figure 4(E) ; Cooper & Hagerman, 1987; Lilley & Clegg, 1993; Seeman & Kallenbach, 1994; Lilley, 1997) . Although antiparallel and parallel states of immobile junctions are thermodynamically very close ( Lu et al., 1991) and the barrier between the two conformations is not high (Srinivasan & Olson, 1994) , only an antiparallel strand orientation in immobile junctions has been observed (Cooper & Hagerman, 1987; Lilley & Clegg, 1993; Seeman & Kallenbach, 1994; Lilley, 1997; Eis & Millar, 1993) . The migration of the crossover site of antiparallel conformation of the junction requires considerable conformational changes, but once the helical arms are aligned in a parallel manner, the branch migration proceeds with relatively little energetic costs (Srinivasan & Olson, 1994) . The nature of a supercoiled topological domain and the propensity for bent DNAs such as a cruciform (Gough & Lilley, 1985; Zheng & Sinden, 1988) to orient themselves at the tip of a loop (Figure 2 ) strongly favor the parallel geometry. Probably, the constraints placed on the structure of the Holliday junction by topology and supercoiling outweigh a small effect of an energy difference in the parallel and antiparallel structures of four-way junctions. Thus, DNA supercoiling and the topological domain organization in chromosomes may dictate the structure of a Holliday junction.
A number of other biological implications follow from the features described for cruciforms. The ability of cruciforms and four-way DNA junctions (Cooper & Hagerman, 1987; Lilley & Clegg, 1993; Seeman & Kallenbach, 1994; Lilley, 1997; Srinivasan & Olson, 1994; Eis & Millar, 1993; Petrillo et al., 1988) to adopt different conformations might be functionally important. These DNA structures are the targets for different types of proteins such as recombination enzymes (Parsons et al., 1995; Yu et al., 1997) , topoisomerases (Roca et al., 1993) , and architectural proteins such as HMG1 and histones H1 and H5 (Timsit & Moras, 1996) , so that the conformational¯exibility of DNA is an important factor for accommodating such a plethora of proteins. For example, the variability of the cleavage patterns of the same fourway junctions for resolving enzymes from different species (Lilley, 1997) is easily explained by a dynamic character of the four-way junction. Another example is the interaction of four-way junctions with the E. coli RuvA, B and C (Parsons et al., 1995; Yu et al., 1997 ). An extended conformation of the four-way junction (Figure 4(A) ) is the target for RuvA and RuvB proteins at the initial step of the recombination process, but the ®nal step, resolving the junction with RuvC, requires a compact X-type conformation (Lilley & Clegg, 1993) .
There are other known examples of the role of cruciforms in biology. The formation of supercoilinduced cruciforms changes the level of unrestrained torsional stress in topological domains of the genome, which could in¯uence gene regulation or replication. The ability of cruciforms to move may facilitate their interaction with speci®c proteins, and this may be important for regulation of DNA replication (Noirot et al., 1990) and transcription (Glucksmann et al., 1992) , where roles for cruciforms have been demonstrated. AFM has already been successfully applied to structural studies of complexes of linear DNA with a number of nucleoprotein complexes (Bustamante et al., 1994; Hansma & Hoh 1994; Lyubchenko et al., 1995) . Now that the structural information is available from AFM studies of supercoiled DNA, the technique might be applied to complexes of supercoiled DNA with the key proteins of transcription, replication and recombination.
Materials and Methods
DNA preparation
Plasmid pUC8F14C with a 106 bp inverted repeat (Sinden, 1994) was grown in E. coli strain HB101 and isolated by cell lysis with 1% (v/v) Brij 58, 0.4% (w/v) deoxycholate, followed by CsCl centrifugation. Topoisomers of particular superhelical densities were generated by incubating supercoiled plasmid with a topoisomerase extract from HeLa cells in the presence of different concentrations of ethidium bromide (Kochel & Sinden, 1988) . The superhelical densities of closed circular molecules (about 80% of DNA molecules in topoisomer fractions) were estimated by 1.5% (w/v) agarose gel electrophoresis in the presence of 3, 9 and 25 mg/ml chloroquine phosphate. To determine the superhelical density required for cruciform formation, a mixture of topoisomers (about 0.25 mg each fraction) was separated in a 1.5% agarose two-dimensional gel (15 cm Â 15 cm) at 25 C, 4 V/cm using Topo TAE buffer (40 mM TrisHCl, 5 mM sodium acetate, 1 mM EDTA, pH 8.3) for the ®rst dimension and the same buffer containing 30 mg/ml chloroquine phosphate for the second dimension.
AFM procedure
Throughout this work only mica functionalized with 3-aminopropyltriethoxy silane (AP-mica) was used as a substrate (Lyubchenko et al., 1992 (Lyubchenko et al., , 1993a (Lyubchenko et al., ,b, 1995 Lyubchenko & Shlyakhtenko, 1997) . For imaging in air, 10 ml of the DNA (0.5mg/ml) in TE buffer was placed onto pieces of AP-mica for two minutes, thoroughly rinsed with deionized water (ModuPure Plus, Continental Water System Corp., San Antonio, TX) and argondried. NanoProbe TESP (Digital Instruments, Inc., Santa Barbara, CA) tips were used for imaging in air. The typical tapping frequency was 240 to 280 kHz; scanning rate was 1.97 Hz. For imaging in liquid, Si 3 N 4 , 100 mm long, NanoProbe tips mounted on a glass tip holder for tapping mode (Digital Instruments, Inc., Santa Barbara, CA) were used. The tip was manually approached to the AP-mica surface mounted on the sample stage on the microscope until the distance between the tip and the surface was 20 to 50 mm. The DNA solution (25 to 50 ml) was injected into a gap between the mica surface and the tip holder and the tip was brought into a tapping range under control of the instrument. The scanning parameters were as follows: frequency 8 to 9 kHz, scanning rate 1.97 Hz. The images were taken in the topographic mode. A NanoScope III MultiMode system (Digital Instruments, Inc., Santa Barbara, CA) operated in tapping mode was used for these experiments.
Analysis of the AFM data NIH image 1.60 software was used for measurements of the angles between the arms. Statistical analysis of the data was performed by using Kaleidagraph 3.0.1. software. The number of the molecules used for measurements of the angles for X-type conformation of the cruciforms are indicated in Table 1 (the last column). Similar dataset (31 molecules) was used for measuring the angles between arms for extended conformations of the cruciform.
